Orientia tsutsugamushi, the causative agent of scrub typhus, is an obligate intracellular pathogen whose mechanism of cellular adhesion and invasion is poorly characterized. Bioinformatic analyses of two O. tsutsugamushi genomes revealed the presence of a group of genes that encode autotransporter proteins. In this study, we identified 10 autotransporter gene products and categorized them into five groups of orthologs (ScaA to ScaE) based on their sequence similarities. Sequence homology was highest between members of ScaC group, suggesting the functional conservation of bacterium-host interactions. ScaC was actively expressed on the surface of O. tsutsugamushi and induced antibody responses in scrub typhus patients. Experiments using microbeads conjugated to recombinant ScaC or a surrogate Escherichia coli expression system showed that ScaC was sufficient to mediate attachment to, but not invasion of, nonphagocytic mammalian cells. In addition, preincubation of host cells with recombinant ScaC significantly inhibited their interaction with O. tsutsugamushi. Finally, fibronectin was identified as a potential receptor for ScaC by using yeast two-hybrid screening, and this was confirmed using a glutathione S-transferase (GST) pulldown assay. Taken together, these results demonstrate that ScaC is involved in the interaction of O. tsutsugamushi with mammalian host cells and suggest that ScaC may play a critical role in bacterial pathogenesis.
Orientia tsutsugamushi is an obligate intracellular organism and the causative agent of scrub typhus (31) , a disease characterized by fever, rash, eschar, pneumonitis, meningitis, and disseminated intravascular coagulation. If left untreated, scrub typhus can lead to multiorgan failure, with mortality rates ranging from 1% to 40% depending on the strain of O. tsutsugamushi encountered (36) . Scrub typhus is geographically confined to southeastern Asia and is found in many countries in this region, including South Korea, Japan, China, and India (31) . An estimated 1 billion people in this area are at risk from scrub typhus, with an estimated 1 million new cases occurring annually (36) . The rapid increase in scrub typhus cases (17) , coupled with new outbreaks within some areas of disease endemicity (38) in which the disease has not been seen previously, is becoming a public health issue. Even though scrub typhus is effectively treated with antibiotics such as doxycycline and chloramphenicol, reinfections are common because of the wide variety of antigenically distinct serotypes (15) . In addition, decreasing efficacy of antibiotic treatments has been reported in several cases (23, 35) . In spite of an increasing number of patients and recurrent outbreaks of scrub typhus in areas of disease endemicity (17, 21, 23) , an effective vaccine has not yet been developed (4) .
Bacterial invasion of host cells is mediated primarily by interactions between bacterial surface components and complementary host receptors. As an obligate intracellular organism, O. tsutsugamushi must be internalized into host cells in order to survive and replicate. The bacterium infects several types of nonphagocytic cells, such as endothelial cells and fibroblasts, as well as macrophages and polymorphonuclear leukocytes (PMN) (9, 24, 29, 31) . After entry into the host cells, the intracellular pathogens escape from vacuoles and move to the perinuclear region, where they replicate (16) . However, the molecular basis of intracellular invasion by O. tsutsugamushi is poorly characterized. Previously, we reported that O. tsutsugamushi could bind to host fibronectin and utilize it for internalization via interactions with the outer membrane protein TSA56 (7, 18) . Fibronectin is known to facilitate bacterial entry into host cells, potentially via its interaction with integrins. O. tsutsugamushi exploits integrin-mediated signaling and rearrangement of the actin cytoskeleton, which mediate "induced phagocytosis" in nonphagocytic host cells (7) . Bacterial entry into host cells can be divided into two distinct stages: adherence and invasion. Recently, it was reported that Rickettsia spp. utilize multiple outer membrane proteins to adhere to and invade nonphagocytic host cells. The Rickettsia conorii autotransporter protein Sca1 mediates bacterial adherence to, but not invasion of, a panel of epithelial and endothelial cells (30) , whereas the Sca2 autotransporter protein can mediate both adherence to and invasion of nonphagocytic host cells (2) . Also, two rickettsial surface proteins, rickettsial outer membrane protein A (rOmpA) and rickettsial outer membrane protein B (rOmpB), participate in adhesion to and invasion of mammalian cells in vitro (3, 20, 34) . rOmpB mediates bacterial adhesion to mammalian cells by binding to its mammalian receptor, Ku70, and subsequently activating host cell signaling pathways that may ultimately induce actin polymerization at the site of bacterial contact (3, 22) . Therefore, rickettsial entry into host cells occurs sequentially via the initial interaction between bacterial adhesins and host receptors, the activation of downstream host signaling, and finally, active invasion (defined as induced phagocytosis).
Interestingly, all of the identified outer membrane proteins involved in rickettsial entry belong to a family of autotransporter proteins that contain an N-terminal signal sequence and a highly conserved C-terminal ␤-barrel, or autotransporter, domain (1, 14) . The signal sequence targets the protein to the bacterial periplasm, where the autotransporter domain inserts itself into the outer membrane to form a conduit through which the central passenger domain is transported and exposed to the extracellular surface. A recent bioinformatic analysis of the rickettsial genome showed that at least 15 autotransporter genes, denoted surface cell antigen (sca) genes, are present in the bacterial genome and that some of them appear to have evolved under positive selection and are conserved within the genomes of most rickettsial species (1) . This suggests that the positively selected passenger domains may be involved in host cell interactions and may have conserved functions.
Even though accumulating evidences have supported the hypothesis that rickettsial Sca proteins may play a critical role in the bacterium-host interactions, there has been no study on the role of Sca proteins in the pathogenesis of O. tsutsugamushi thus far. Here, we identified multiple sca genes in the genomes of two O. tsutsugamushi strains, Boryong (8) and Ikeda (26) , and characterized them through bioinformatic approaches. Moreover, we selected one sca gene, scaC, which is highly conserved between the two strains, and performed functional analysis to investigate its role in the bacterial adherence and/or invasion of nonphagocytic host cells.
MATERIALS AND METHODS
Sequence analysis and alignment. O. tsutsugamushi sca genes were searched in the two fully sequenced genomes of O. tsutsugamushi strains Boryong (GenBank accession number AM494475.1) and Ikeda (GenBank accession number AP008981.1). We used the BlastP program (E value Ͻ 1 ϫ 10
Ϫ10
) with Sca proteins previously identified in Boryong strain (8) and their autotransporter domain to search against the whole proteomes of two O. tsutsugamushi strains. Ten sca gene sequences were finally extracted and aligned for phylogenetic analysis using ClustalW embedded within MegAlign software (DNAstar Inc., Madison, WI). The degrees of identity and divergence among the Sca sequences were determined by using calculated alignment. The divergence between two genes is calculated by comparing sequence pairs (i, j) in relation to the constructed phylogeny as follows: divergence (i, j) ϭ 100 ϫ [distance (i, j)]/total distance. Distance equals the sum of the calculated branch length between two sequences, i and j, and the total distance is the sum of all branch lengths in the phylogenic tree. The identification and annotation of protein domains were performed using the SMART (Simple Modular Architecture Research Tool) program (http://smart.embl-heidelberg.de/) (19) .
Reverse transcription-PCR. To detect O. tsutsugamushi scaC gene expression, total RNA was isolated from O. tsutsugamushi-infected L929 cells by using an RNeasy minikit (Qiagen, Hilden, Germany). The RNA samples were then digested with RNase-free DNase (Qiagen) at room temperature to remove any contaminating DNA. Reverse transcriptase PCR (RT-PCR) was performed using a reverse transcription system (Promega, Madison, WI) and an Accupower Pfu PCR kit (Bioneer, Daejon, South Korea). The reactions were performed according to the manufacturers' instructions by using 1 g total RNA and 10 M concentrations of the relevant primers (forward primer 5Ј-AAGTGTAAAT ATCCTCAGGCAGAGG and reverse primer 5Ј-AGCGCTTGCTCTAGCT TTACTTC).
Cloning, expression, and purification of ScaC. The full-length scaC gene was PCR amplified from the genomic DNA of the O. tsutsugamushi Boryong strain by using the primer pair 5Ј-GGCGGATCCAAAAGTATAACTCCAGAAA AGTA (forward) and 5Ј-GGTCGACTTTAATTTAGCACGATTTAT (reverse) (restriction sites underlined). It was then cloned into a pET28a vector via the BamHI and SalI sites to yield pScaC. To generate anti-ScaC antibodies, a gene fragment corresponding to the ScaC passenger domain (amino acids 33 to 232; ScaC ) was amplified from the genomic DNA by using the primer pair 5Ј-GGCGGATCCAAAAGTATAACTCCAGAAAAGTA (forward) and 5Ј-CGG TCGACCTAAAAATTAGTT CCTATATG (reverse). The amplified fragment was then directionally cloned into pET28a via the BamHI and SalI sites to yield pScaC . For the expression and purification of ScaC proteins, Escherichia coli BL21(DE3) (Novagen) was transformed with pScaC and grown in LB broth containing ampicillin (100 g/ml). Protein expression was induced by adding 0.4 mM isopropyl ␤-D-thiogalactoside (IPTG; Duchefa, Zwijndrecht, Netherlands) for 4 h at 37°C. Bacteria were harvested by centrifugation at 1,000 ϫ g for 10 min, resuspended in binding buffer (300 mM NaCl, 50 mM sodium phosphate buffer, 10 mM imidazole) containing 1 mg/ml of lysozyme, incubated at 4°C for 30 min, and disrupted by sonication on ice for 5 min. The sonicated lysates were centrifuged at 1,600 ϫ g for 20 min at 4°C and the supernatants applied to a Ni-nitrilotriacetic acid (NTA) His-binding resin (Novagen) preequilibrated with binding buffer. His-tagged proteins bound to the Ni-NTA resin were eluted with elution buffer (300 mM NaCl, 50 mM sodium phosphate buffer, 250 mM imidazole) and serially dialyzed against elution buffer to remove any free imidazole.
pGST-ScaC was constructed by restriction enzyme-mediated insertion into pGEX4T-1 (GE Healthcare, Piscataway, NJ). The ScaC fragment was amplified from O. tsutsugamushi genomic DNA by using the primer pair GGCGG ATCCAAAAGTATAACTCCAGAAAAGTG (forward) and TCTGAATTCCT AACTGATATAGTTTAA (reverse) (restriction sites underlined). It was then cloned into pGEX4T-1 via the BamHI and EcoRI sites. Recombinant glutathione S-transferase (GST)-ScaC and GST proteins were expressed in E. coli BL21(DE3) harboring either pGST-ScaC 33-232 or pGEX4T-1. Following induction with IPTG, the proteins were purified using glutathione columns according to the manufacturer's instructions (GE Healthcare). Finally, the identity and purity of proteins were assessed by Western blotting and Coomassie blue staining, respectively.
Cell culture. HeLa cells (ATCC CCL-2; American Type Culture Collection), L929 cells (NCTC929; ATCC), Vero cells (ATCC CCL-81), and ECV304, an endothelial cell-like cell line (33) , were maintained in Dulbecco's modified Eagle's medium (DMEM; Welgene, Daegu, South Korea) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Welgene), 100 U/ml penicillin, and 100 g/ml streptomycin (Gibco BRL, Gaithersburg, MD) at 37°C in 5% CO 2 .
Preparation of O. tsutsugamushi. The Boryong strain of O. tsutsugamushi was purified by using a modified Percoll gradient purification method (7) . O. tsutsugamushi was propagated in L929 cells. At 3 to 4 days postinfection, infectivity was determined using an indirect immunofluorescence assay (see below). When an infection rate of Ͼ90% was achieved, the cells were harvested by centrifugation at 6,000 ϫ g for 20 min. The cell pellet was resuspended with 6.5 ml of Tris-sucrose (TS) buffer (33 mM Tris-Cl [pH 7.4], 0.25 M sucrose) and the cells homogenized using 100 strokes of a Polytron homogenizer (Wheaton Inc., Millville, NJ) followed by centrifugation at 200 ϫ g for 5 min. The supernatant was then mixed with 40% Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden) in TS buffer and centrifuged at 25,000 ϫ g for 60 min. The bacterial band was collected and centrifuged at 77,000 ϫ g for 30 min. The bacterial pellet was washed 3 times in TS buffer, resuspended in DMEM, and stored in liquid nitrogen until use. The infectivity titer of the inoculum was determined as previously described (10) Antibodies and reagents. Both preimmune rabbit serum and anti-ScaC polyclonal rabbit serum (produced by immunization with purified ScaC protein; Koma Biotech, Seoul, South Korea) were used for the experiments. Human sera were prepared from scrub typhus patients, control patients with an acute febrile illness not diagnosed as scrub typhus, or healthy volunteers, following institutional review board approval and the receipt of informed consent from all subjects. Horseradish peroxidase (HRP)-conjugated anti-mouse, anti-rabbit, or anti-human IgG secondary antibodies (Santa Cruz Biotech Inc., Santa Cruz, CA) were used for immunoblotting. The Alexa Fluor 488-or Alexa Fluor 594-conjugated anti-human, -mouse, and -rabbit antibodies used in the immunofluorescence assays were purchased from Molecular Probes (Invitrogen). For the beadbinding assay, Fluoresbrite microparticles (1 m; Polyscience Inc., Warrington, PA) containing rhodamine were conjugated to GST or GST-ScaC 33 (18) . Infected monolayers of L929 cells in 24-well tissue culture plates were collected by trypsin treatment 1 h postinfection. Extracellular or surface-bound bacteria were removed by washing three times with phosphate-buffered saline (PBS). The infected cells were fixed in PBS containing 4% paraformaldehyde for 15 min at room temperature and permeabilized in 0.2% Triton X-100 for 15 min. Cells infected with O. tsutsugamushi were incubated with human serum or anti-ScaC immune serum for 1 h, followed by incubation with Alexa Fluor 488-conjugated goat anti-human IgG and Alexa Fluor 594-conjugated mouse anti-rabbit IgG (Molecular Probes). In some experiments, recombinant E. coli was fixed with 4% paraformaldehyde and stained with preimmune rabbit serum, anti-ScaC serum, or anti-E. coli serum, followed by incubation with Alexa Fluor 488-conjugated mouse anti-rabbit IgG (Molecular Probes). Cells were examined under an Olympus FV1000 laser scanning confocal microscope (Olympus, Tokyo, Japan). Images of cell sections were captured every 200 nm, and all images were analyzed and processed using Olympus Fluoview software (Olympus).
ELISA. Immunoassay plates (96-well plates; Nunc, Rochester, NY) were coated with 100 l of purified His-tagged ScaC 33-232 at a concentration of 5 g/ml in 0.05 M bicarbonate buffer (pH 9.5) overnight and blocked with 3% bovine serum albumin (BSA) at room temperature for 1 h. Human sera, from 10 scrub typhus patients (indirect immunofluorescence assay [IFA] titer Ն 1:1,280) or from 10 control patients with an acute febrile illness not diagnosed as scrub typhus, were serially diluted (2-fold dilutions from 1:100 to 1:51,200) in PBS containing 3% BSA and 0.1% Tween 20, added to the immunoassay wells, and incubated at 37°C for 1 h. After washing six times with PBS containing 0.05% Tween 20, an anti-human IgG-HRP conjugate (1:10,000) in PBS containing 3% BSA and 0.1% Tween 20 was added and incubated for 1 h. TMB microwell peroxidase substrate solution (KPL, Gaithersburg, MD) was then added to develop color for 7 min, and the reaction was stopped by the addition of 1 M H 3 PO 4 solution. Absorbance was measured at 450 nm by using an enzyme-linked immunosorbent assay (ELISA) plate reader (Beckman). Titers were expressed as the inverse of the highest dilution in which a net optical density (absorbance with antigen Ϫ absorbance without antigen) was greater than the mean net absorbance plus 2 standard deviations of 20 negative-control sera collected from healthy volunteers.
Bead-binding assay. HeLa cells (1.2 ϫ 10 5 cells in a 24-well plate) were incubated with Fluoresbrite microparticles (530 g/well) conjugated to GST or GST-ScaC for 1 h, washed extensively with PBS, and fixed with 4% paraformaldehyde for 15 min. Cells were subsequently incubated with ToPro-3 (Molecular Probes) for nuclear staining and observed under a confocal microscope or analyzed using a FACScan (Becton Dickinson).
Membrane fractionation of E. coli. The outer membrane of recombinant E. coli was fractionated as previously described (2) . Briefly, 10 ml of induced E. coli cultures was pelleted and resuspended in 1 ml of lysis buffer (PBS plus protease inhibitor cocktail [Sigma Chemicals]). Cells were lysed by sonication for 3 s and incubated further for 10 s on ice. Unbroken cells were removed by centrifugation for 10 min at 4°C at 1,000 ϫ g. The supernatant was transferred to a new tube, and inner membrane protein was extracted with Sarkosyl (final concentration, 0.5%) at room temperature for 5 min. Outer membrane fractions were pelleted by centrifugation at maximum speed for 30 min at 4°C, resuspended in 2ϫ sample buffer, resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and subsequently analyzed by immunoblotting with antiScaC rabbit serum (1:5,000) and goat anti-rabbit IgG-HRP conjugate (1:10,000). Immunoreactive bands were revealed with chemiluminescence substrates (Pierce) and exposure of membranes to an LAS-4000 reader (GE Healthcare).
Cellular adhesion and invasion assays. Bacterial adhesion and invasion assays were performed as previously described (7, 18, 30) . Briefly, E. coli strains harboring pET28a or pScaC were induced with IPTG and added to confluent monolayers of ECV304, HeLa, and Vero cells in serum-free media. Portions of the bacterium-containing media were plated to determine the number of CFU added to each host cell monolayer. Contact between bacteria and the mammalian cells was synchronized by centrifugation at 200 ϫ g, and the preparations were incubated at 37°C for either 20 min or 60 min for the adherence and invasion assays, respectively. For the invasion assays, infected cells were washed extensively with PBS and incubated for 2 h with complete medium supplemented with 100 g/ml of gentamicin to kill any extracellular bacteria. For all E. coli assays, infected cells were washed extensively with PBS and the bacteria liberated by incubation with 0.1% Triton X-100 in sterile H 2 O. The lysate was then plated on LB agar to enumerate the cell-associated bacteria. The results were expressed as the percentages of bacteria recovered relative to the number of bacteria in the initial inoculum.
To assess O. tsutsugamushi infection, HeLa cells were cultured on 12-mmdiameter glass coverslips in 24-well plates and inoculated with O. tsutsugamushi. For the inhibition assays, cells were preincubated with 100 g/ml of GST or GST-ScaC 33-232 at 37°C for 1 h. Thirty minutes after bacterial inoculation, infected cells were washed three times with PBS, fixed with 4% paraformaldehyde, and permeabilized in a 0.2% Triton X-100 solution for use in immunofluorescence assays incorporating an anti-TSA56 monoclonal antibody (MAb), followed by Alexa Fluor 488-conjugated rabbit anti-mouse IgG to stain host cell-associated bacteria. One hundred cells were randomly selected by using an Olympus FV1000 laser scanning confocal microscope and analyzed using the Fluoview software.
Yeast two-hybrid screening. Yeast two-hybrid screening with ScaC 33-232 was performed using the human aorta cDNA activation domain (AD) library. Saccharomyces cerevisiae (yeast) strain PBN240 (Panbionet Inc., Pohang, South Korea) was cotransformed with two hybrid plasmids, a bait plasmid, pBCTScaC (which encodes a GAL4 DNA binding domain [BD]-fused to ScaC cDNA), and a pACT plasmid that encodes human aorta cDNA fused to GAL4 AD. During the screening process, three different reporter genes (ura3, ade2, and lacZ), each under the control of a different GAL4 binding site, were used to minimize any false positives. After sequential screening using the selective media, we obtained 40 genuine positive clones. To reconfirm the specific interaction between BD-ScaC 33-232 and the AD-prey proteins, the AD-prey DNAs were amplified by PCR using total DNA purified from the transformants. The amplified PCR fragment, together with a linearized prey vector, was reintroduced into yeast strain PBN204 expressing BD-ScaC . The specific interactions were confirmed in all the transformants by checking the expression levels of URA3, ADE2, and LacZ. pBCT-polypyrimidine tract-binding protein (PTB) and pACT2-PTB served as positive controls for the protein-protein interactions. pBCT (Panbionet Inc.) and pACT2 (Clontech Laboratories Inc.) were used as the negative controls.
GST pulldown assay. The GST or GST-ScaC 33-232 fusion protein was purified from E. coli BL21 after induction with IPTG. The recombinant proteins were bound to glutathione beads and incubated with fibronectin (20 g/ml) in binding buffer (20 mM HEPES [pH 7.4], 100 mM NaCl, 1% NP-40, protease inhibitors) at 4°C overnight. The glutathione beads were then washed four times with binding buffer, and the fibronectin associated with the beads was analyzed by SDS-PAGE and subjected to immunoblotting using an antifibronectin antibody (Takara Bio Inc., Shiga, Japan).
Statistical analysis. Statistical analysis was performed using Student's t test and SigmaPlot (Jandel, San Rafael, CA). Data were expressed as means Ϯ standard deviations, and P values of Ͻ0.01 were considered to be statistically significant.
RESULTS

ScaC is highly conserved among O. tsutsugamushi strains.
Analysis of the genomic sequences of O. tsutsugamushi revealed the presence of six genes encoding a conserved autotransporter domain in the Boryong strain and four genes in Ikeda strain (Fig. 1) (8, 26) . One of the Sca proteins (ScaB; OTBS_0864 and OTBS_2137 [GenBank accession no. CAM79930.1 and CAM81232.1, respectively]) was duplicated in the Boryong strain but absent from the Ikeda strain. Eight Sca proteins were classified into four groups of orthologs (ScaA, ScaC, ScaD, and ScaE) on the basis of the nucleotide sequence similarity of the genes (Fig. 1B) . The genes surrounding three orthologous sca genes (scaC, scaD, and scaE) were found in colinear order within the genomes of the two strains (data not shown), further suggesting orthologous relationships. The scaA gene is surrounded by mobile genetic elements or repetitive sequences in the two bacterial genomes. All the Sca proteins were likely to be functional because they possessed both the C-terminal autotransporter domain and the N-terminal signaling peptide required for export across the inner membrane (Fig. 1A) . The passenger domain of the ScaD protein contained two conserved, repeated motifs containing internal repeat sequences, whereas the other proteins lacked any known protein motif (Fig. 1A ). The ScaC protein was predicted to have a transmembrane domain close to the autotransporter domain.
Since autotransporter domains are highly conserved between Rickettsia Sca proteins (1), we further examined the degrees of sequence similarity between the passenger domains of the Orientia Sca proteins. The passenger domains, including the signal peptide sequences, of the Orientia Sca proteins showed 9 to 23% amino acid sequence identity between paralogs (Table 1) . Similar levels of identity between Rickettsia Sca proteins were observed (1). However, the amino acid sequences of Orientia Sca proteins are also highly conserved between orthologs (73 to 84% identical at the amino acid level), implying functional conservation. Of the Orientia Sca paralogs, the ScaC protein showed the highest sequence identity (84%) between the Boryong and Ikeda strains. The high degrees of sequence identity and conservation seen in the ScaC proteins from these different strains suggest that ScaC may play a critical role during O. tsutsugamushi infection.
ScaC is expressed by O. tsutsugamushi. To examine whether the scaC gene was expressed during bacterial infection, we isolated total RNA from infected host cells, removed any contaminating bacterial or host cell genomic DNA, and examined scaC expression by RT-PCR. As shown in Fig. 2A , agarose gel electrophoresis of the PCR products confirmed the amplification of the scaC gene from infected host cells. The PCR products were cloned and verified by sequencing to confirm that the correct gene had been amplified. No PCR products were detected in the control reactions incorporating RNA from uninfected cells or in those lacking reverse transcriptase.
In order to examine ScaC protein expression, we generated (Fig. 2C) . The TSA56 protein, a major outer membrane protein of O. tsutsugamushi, was used as a positive control. These results indicate that the ScaC protein is expressed by O. tsutsugamushi isolated from infected host cells. To further confirm the specificity of the anti-ScaC antiserum for O. tsutsugamushi, intracellular bacteria were stained using the pooled sera of scrub typhus patients together with anti-ScaC serum or preimmune rabbit serum. As shown in Fig. 2D , anti-ScaC serum readily detected the bacteria within the host cells, whereas the preimmune serum did not. In addition, we found that the ScaC proteins were located on the periphery of bacterial cells (Fig. 2D , lower panels, inset boxes). Taken together, these results confirm that scaC gene is actively translated in O. tsutsugamushi within eukaryotic host cells and that the protein might be expressed on the outer membrane of the bacteria. We next tested whether scrub typhus patients produced antibodies to ScaC, thereby confirming expression of the scaC gene during in vivo infection. Pooled sera from 10 scrub typhus patients (IFA titer Ն 1,280) or control patients with an acute febrile illness not diagnosed as scrub typhus were used in an immunoblot analysis using the recombinant ScaC passenger domain. As shown in Fig. 3A , the sera from scrub typhus patients (lane 3) readily reacted with the ScaC protein, whereas the pooled sera from control patients (lane 2) did not. Moreover, eight sera out of 10 scrub typhus patients' sera were reactive to ScaC antigen (IgG titer Ն 1:100) when assessed by anti-ScaC IgG ELISA (Fig. 3B) . In contrast, only one serum from a control patient showed reactivity to the ScaC protein (IgG titer ϭ 1:100), and the other nine sera were nonreactive in the test. These results indicate that the ScaC protein is expressed during in vivo infection by O. tsutsugamushi and induces an antibody response.
ScaC protein mediates adherence to, but not invasion of, nonphagocytic host cells. Recently, several studies reported that rickettsial Sca proteins could mediate bacterial adherence to and/or invasion into mammalian host cells (2, 3, 30) . Therefore, we examined whether the O. tsutsugamushi ScaC protein could function as a virulence factor for bacterial adhesion and/or invasion. First, we performed a bead-binding assay using fluorescent microbeads (1 m in diameter) covalently conjugated to either purified GST or GST-ScaC (Fig. 4A) . Incubation of HeLa cells with GST-ScaC-conjugated beads resulted in marked binding to the host cells, even after extensive washing. The control beads linked to GST alone interacted only weakly with the HeLa cells (Fig. 4B) . The interaction of the fluorescent beads with the host cells was quantified using flow cytometry (Fig. 4C) . After fixation, the mean fluorescence intensity (MFI) of the HeLa cells incubated with beads conjugated to GST-ScaC dramatically increased (MFI ϭ 211.5) compared to that of cells incubated with beads conjugated to GST (MFI ϭ 42.2) or that of untreated cells.
To further verify the role of the scaC gene in bacterial adherence to host cells, we utilized a heterologous E. coli expression system. The entire O. tsutsugamushi scaC open reading frame was cloned into the IPTG-inducible expression vector, pET-28a, to yield the plasmid pScaC (Fig. 5A) . ScaC was expressed in the E. coli strain BL21(DE3) and analyzed using anti-ScaC serum and confocal microscopy after fixation with 4% paraformaldehyde. As shown in Fig. 5B , ScaC was readily detectable on the surface of recombinant E. coli cells by anti-ScaC serum (lower panels) but not by preimmune serum (upper panels), as was observed for O. tsutsugamushi. To further confirm the expression of ScaC on the bacterial surface, we biochemically prepared the outer membrane fraction from E. coli transformed with pET-28a vector or pScaC plasmid after induction for protein expression. Immunoblot analysis using anti-ScaC antibody resulted in the presence of a ϳ60-kDa product in the isolated outer membrane fraction from E. coli harboring pScaC but not that harboring pET-28a (Fig. 5C) .
We next examined the ability of ScaC-expressing E. coli to adhere to monolayers of nonphagocytic host cells. Epithelial (HeLa and Vero) and endothelial (ECV304) cells were incubated with recombinant E. coli harboring a control vector or pScaC. The cells were then washed extensively to remove nonadherent bacteria, fixed, and analyzed under a confocal microscope after staining with an anti-E. coli antibody and the nuclear stain ToPro-3. Immunofluorescence analysis revealed that ScaC expression resulted in an increase in the number of adherent E. coli bacteria (Fig. 6A) . This ScaC-mediated adhesion was verified by removing the adherent bacteria from live host cells and counting them using a CFU-based quantification assay. The assay confirmed that ScaC expression significantly increased bacterial adherence to both epithelial and endothelial cells (Fig. 6B) . The degree of adherence was comparable to that seen for Rickettsia autotransporter proteins (2, 3, 30) . Therefore, the expression of O. tsutsugamushi ScaC on the outer surface of E. coli enhances adherence to nonphagocytic host cells.
Several reports showed that the expression of rickettsial autotransporter proteins in E. coli is sufficient to mediate adherence to, and invasion into, nonphagocytic host cells (2, 3, 34) . Therefore, we investigated whether the expression of the O. tsutsugamushi ScaC protein was able to mediate bacterial invasion of host cells. E. coli harboring a control vector or pScaC was added to cultured monolayers of HeLa, Vero, or ECV304 cells. Bacterial internalization was quantified using a gentamicin protection assay. No colonies were obtained (data not shown), indicating that ScaC is not able to mediate invasion of nonphagocytic host cells. ScaC polypeptide inhibits the interaction between O. tsutsugamushi and host cells. Next, we determined whether ScaC could inhibit O. tsutsugamushi-host cell interactions. HeLa cells were preincubated with 100 g/ml of soluble GST or GST-ScaC protein for 1 h and then infected with O. tsutsugamushi for 30 min. After extensive washing, bacterial interactions with the host cells were examined by using confocal microscopy and the O. tsutsugamushi/host cell ratio was determined. As shown in Fig. 7 , preexposure of HeLa cells to GST- Fibronectin is a potential host receptor for bacterial ScaC. To identify the ScaC receptor on host cells, we performed yeast two-hybrid screening analysis using a GAL4 transcription activation domain-fused human aorta cDNA library. Using the GAL4 DNA binding domain-fused to the ScaC passenger domain (amino acids 33 to 232) as the bait, we identified 40 independent, genuine positive clones from the 6.6 ϫ 10 6 transformants; the genuine positive clones were positive for lacZ, ura3, and ade2 expression (data not shown). Sequence analysis of the cDNAs obtained from the 40 positive colonies identified 25 known cDNA fragments (see Table S1 in the supplemental material). Interestingly, one of the clones (clone 27) encoded fibronectin, which is known to interact with O. tsutsugamushi via the outer membrane protein TSA56 (7, 18) . The specific interaction between ScaC and fibronectin was confirmed by using GST pulldown assays (Fig. 8) . These results suggest that ScaC may function as another bacterial ligand that mediates interaction with host cells by binding to fibronectin.
DISCUSSION
Autotransporter proteins are found in a wide range of Gram-negative bacteria and constitute a family of outer membrane/secreted proteins that are often associated with virulent functions (14, 37) . Structurally, autotransporter proteins are characterized by the presence of three distinct domains: (i) an N-terminal signal sequence that mediates export of the proteins across the cytoplasmic membrane, (ii) a surface-localized passenger domain, and (iii) a C-terminal translocation domain that facilitates the secretion of the passenger domain through the outer membrane (37) . While the translocation domain is highly homologous between autotransporter proteins, the secreted passenger domain shows considerable sequence variation. As a result, autotransporter protein passenger domains may confer many different virulence-related phenotypes, including adhesion, invasion, biofilm formation, and cytotoxicity (37) . The apparent role of autotransporter proteins in virulence and host cell interactions suggests that they may represent rational targets for the design of novel vaccines directed against human pathogens (37) . For example, pertactin, a major virulence factor of Bordetella pertussis, is an autotransporter protein that mediates bacterial binding to the lung epithelium in mammalian hosts (12) and has been successfully used to provide the acellular components of a pertussis vaccine (5, 28) . The passenger domain of the Haemophilus influenzae autotransporter protein, Hap, which mediates attachment and entry into epithelial cells (32) as well as attachment to extracellular matrix proteins (13) , elicits significant antibody responses and protects preimmunized mice from nasopharyngeal colonization (11) . Genome sequencing has identified numerous genes predicted to encode autotransporter proteins in various human pathogens (14, 37) . A search of the autotransporter superfamily proteins in the NCBI database identified more than 10,000 proteins. The majority of these putative autotransporter proteins are uncharacterized with respect to their bacterial virulence. Therefore, the characterization of potential virulent autotransporter proteins encoded by bacterial pathogens may provide a valuable basis for their utilization as vaccine targets.
In the present study, we analyzed the autotransporter proteins encoded by the genomes of two O. tsutsugamushi strains and categorized them into five different groups of orthologs (ScaA to ScaE) based on their sequence similarities. To date, 17 autotransporter proteins (Sca0 to Sca16) have been identified from nine fully sequenced Rickettsia genomes (1). Even though the autotransporter domain is generally well conserved between rickettsial paralogs, with an average of 31% sequence identity, the passenger domains are less well conserved between the different subgroups, with the average level of amino acid identity being 9 to 18%. In this study, we also observed a similar level of sequence variation in the O. tsutsugamushi autotransporter proteins; however, the sequences of each gene were highly conserved between orthologs found in the two different strains (Table 1) , suggesting a functional conservation. Recently, it has been reported that the core gene set of the family Rickettsiaceae is highly conserved between the two strains, although amplified repetitive sequences have induced extensive genome shuffling and duplications and deletions of many genes (6, 25) . Considering the average nucleotide identity of the 541 core genes in the two strains is 97.5% (25) , that of four sca gene orthologs is slightly lower (90.8%). This could be explained by the positive diversifying selection observed in the passenger domains of rickettsial Sca proteins (1), which might be coevolved through evasion-recognition cycles within host, i.e., the surface-exposed Sca proteins may have been involved in host adhesion processes and they also represent potential targets for host defense. Indeed, the nucleotide sequence identity of a gene encoding a major outer membrane protein of O. tsutsugamushi, TSA56, in the two strains is even lower (84.4%) than those of sca genes. Interestingly, the O. tsutsugamushi Boryong strain genome encodes two copies of the ScaB protein, which is absent from the Ikeda strain. Considering that different O. tsutsugamushi strains show different FIG. 8 . Interaction of ScaC with fibronectin. Direct interaction of ScaC with fibronectin was assessed by a GST pulldown assay incorporating purified GST fusion proteins and fibronectin. After GST pulldown using glutathione Sepharose beads, the interacting proteins were analyzed by immunoblotting using an antifibronectin (␣-FN) (27) , the presence or absence of potential virulence factors within the genome of each strain may explain the clinical and epidemiological strain-specific differences suggested by a recent comparative genomic study (25) . Thus, further investigation of the role of ScaB in bacterial virulence would be interesting. Of the O. tsutsugamushi Sca genes, scaC was selected for further functional analysis, since it showed the highest level of conservation between the two different strains ( Table 1) . The ScaC autotransporter protein is actively expressed at both the transcriptional and translational levels within infected host cells and induces specific antibody responses in scrub typhus patients. Using immunofluorescence confocal microscopy, we showed that ScaC might be localized on the O. tsutsugamushi cell surface, and we were able to confirm this by using a surrogate E. coli system (Fig. 5) .
During the initial stages of O. tsutsugamushi invasion into host cells, the intracellular pathogen may utilize multiple receptor-ligand interactions in a manner similar to those observed for R. conorii (2, 30) . The bacterium then uses host intracellular signaling pathways to manipulate the host cytoskeletal environment at the sites of infection on nonphagocytic host cells (7) . In the present study, phenotypic analysis of ScaC by using a recombinant protein and a surrogate expression system showed that it can mediate bacterial adherence but not cell invasion. We did not observe any rearrangement of the host actin cytoskeleton at the contact sites, suggesting that ScaC may simply enhance bacterial affinity for the host cells during initial contact. Competitive inhibition of bacterial binding to host cells was achieved using recombinant ScaC protein (Fig. 7) . This further supports the idea that this protein is likely to participate in the bacterium-host cell interactions during infection. Recently, it was reported that an R. conorii autotransporter protein, Sca1, mediates a similar phenotypic function during the bacterial infection process (30) .
Finally, we identified fibronectin as the host receptor for the ScaC ligand by using yeast two-hybrid screening and confirmed the specificity of the interaction by using GST pulldown analysis (Fig. 8) . Interestingly, we previously showed that O. tsutsugamushi directly binds to fibronectin, which significantly enhances bacterial invasion into the host cells when added to the infection media (18) . The major O. tsutsugamushi outer membrane protein, TSA56, is the bacterial ligand responsible for this interaction with fibronectin. Antigenic domain III and the adjacent C-terminal region of TSA56 both interact with fibronectin and eventually induce bacterial invasion via the activation of integrin signaling (7, 18) . The identification of ScaC as another ligand for fibronectin suggests that autotransporter proteins may play an important role during O. tsutsugamushi infection, complementing adhesion and/or invasion mediated by the fibronectin-integrin pathway. It is possible that ScaC may work in concert with TSA56 via sequential or concomitant interactions with fibronectin to facilitate bacterial invasion. Identifying the region within the fibronectin molecule that is responsible for binding to each of the bacterial ligands may provide valuable clues regarding their contribution to the initial stages of infection and remains the focus of further study.
In summary, we showed that a highly conserved autotransporter protein, ScaC, is actively expressed by O. tsutsugamushi and induces antibody responses during in vivo infection. Expression of ScaC on the surface of E. coli enhances bacterial adherence to various nonphagocytic host cells, potentially via the interaction with fibronectin. Moreover, the association of O. tsutsugamushi with host cells was significantly reduced by the addition of purified recombinant ScaC. Taken together, our results suggest that the ScaC autotransporter protein may be a potential target for vaccine development against scrub typhus.
